The specific recognition between monoclonal antibody (anti-human prostate-specific antigen, anti-hPSA) and its antigen (human prostate-specific antigen, hPSA) has promising applications in prostate cancer diagnostics and other biosensor applications. However, because of steric constraints associated with interfacial packing and molecular orientations, the binding efficiency is often very low. In this study, spectroscopic ellipsometry and neutron reflection have been used to investigate how solution pH, salt concentration and surface chemistry affect antibody adsorption and subsequent antigen binding. The adsorbed amount of antibody was found to vary with pH and the maximum adsorption occurred between pH 5 and 6, close to the isoelectric point of the antibody. By contrast, the highest antigen binding efficiency occurred close to the neutral pH. Increasing the ionic strength reduced antibody adsorbed amount at the silica-water interface but had little effect on antigen binding. Further studies of antibody adsorption on hydrophobic C8 (octyltrimethoxysilane) surface and chemical attachment of antibody on (3-mercaptopropyl)trimethoxysilane/4-maleimidobutyric acid N-hydroxysuccinimide ester-modified surface have also been undertaken. It was found that on all surfaces studied, the antibody predominantly adopted the 'flat on' orientation, and antigen-binding capabilities were comparable. The results indicate that antibody immobilization via appropriate physical adsorption can replace elaborate interfacial molecular engineering involving complex covalent attachments.
INTRODUCTION
The specific recognition between antibody and antigen has been widely used for biomedical and biotechnological applications such as cancer diagnostics, pregnancy tests and immunoassays. The detection of antigens relies on the bioactivities or binding efficiencies of the antibodies that have been pre-immobilized on a support surface. However, in most cases, the binding efficiencies of the antigens to surface-immobilized antibodies are very low. Although each antibody molecule has two antigen binding fragments (Fabs) and can theoretically bind two antigens, the typical binding ratio is only 0.1 or even less in most practical situations. This is in contrast to the typical binding ratio of 0.1 or even less in most practical situations. The low interfacial-binding efficiency arises mainly from the steric hindrance and improper orientation of the antibodies upon immobilization onto substrates [1] . Much effort has therefore been devoted to studying the interfacial orientation of the antibodies at different support interfaces aiming at improving antigen-binding efficiency.
An antibody is a Y-shaped molecule with two Fabs and a crystallizable fragment (Fc). Its crystalline structure has approximate dimensions of 142 Å Â 85 Å Â 38 Å [2] . Because of the delicate location of the antigen-binding site located in the two variable domains in each Fab fragment, the interfacial orientation of the antibody on the support interface hugely affects the site accessibility. Surface charge and hydrophobicity can be used to tune antibody orientation. The preferred orientation is called 'end on', with Fc attached to the support surface and the two Fabs extended into the solution. This orientation allows the easiest access of antigen molecules to the binding sites from the solution side. However, in many cases, the real situation is a combination of different orientations with the 'flat on' orientation dominant (all three fragments attached to the support) [1,3 -6] .
In addition to the studies of effects of different surface properties, many elaborate approaches such as chemical bonding, proteins G and A support, polymer coating and calixcrown linkers have been used to control antibody immobilization so that antigen binding can be improved [7 -18] . For example, Karyakin et al. [19] immobilized antibodies onto gold surfaces via different thiol groups. They also split the antibody into two half-immunoglobulin G (IgG) fragments without destroying the binding sites. The half-IgG fragments were then immobilized on gold surfaces by simple adsorption. The antigen-binding capacities of the half-IgG-modified gold surfaces were found to be much higher than those obtained from non-specifically adsorbed IgGs. In another example, Lowe et al. [20] covalently immobilized antibenzodiazepine antibodies onto porous silicon surfaces via isocyanate chemistry. Fast-response and selective mass spectrometric detection of illicit drugs (benzodiazepines) on a porous silicon surface was achieved. Meanwhile, genetically engineered recombinant antibody fragments have also been fabricated [21] . These molecules contained only two fragments, one specifically bound to gold and the other to the target molecule. Surface plasmon resonance analysis demonstrated that the gold-binding fragments have a high affinity to gold surfaces and resulted in over 70 per cent of the biospecific antibody fragments immobilized with higher active target-binding efficiencies than those from conventional immobilization methods. Recently, Tajima et al. [14] demonstrated that antibodies immobilized through the staphylococcal protein A that had been pre-immobilized on the welldefined phospholipid polymer surfaces prepared on silicon substrate had a binding ratio over 0.8.
Although these elaborate antibody immobilization approaches can achieve relatively higher antigenbinding efficiencies, most of them need complicated molecular engineering or dedicated laboratory skills, making them limited for widespread, fast and costeffective applications [8] . The current industry prefers to use either direct printing or solution adsorption as efficient means for antibody immobilization. Therefore, it is of both fundamental and practical significance to explore interfacial molecular orientations of physically adsorbed antibodies and their antigen-binding activities.
In the past few years, we have devoted extensive effort to study antibody adsorption and subsequent antigen binding. Silicon oxide-water interface has been extensively used to facilitate three key techniques: spectroscopic ellipsometry (SE), atomic force microscopy and neutron reflection (NR). These studies together have led to useful insights into interfacial orientations of different antibodies [1, [4] [5] [6] 22, 23] . Under almost all conditions studied, surface-parking density of antibody molecules has a significant effect on the subsequent antigen binding owing to the steric effect. Optimal antigen binding can be adjusted by regulating the solution concentration and adsorption time of the antibody. However, the precise control of antibody immobilization to meet the need in a real application requires a systematic evaluation of the effects of common physiochemical parameters such as solution pH, salt type and ionic strength. In this paper, SE and NR have been combined to investigate the effects of solution environment and surface chemistry on the interfacial immobilization of prostatespecific antigen (PSA) antibody (mouse monoclonal anti-human prostate-specific antigen, anti-hPSA) at the solid-water interface and the subsequent in situ antigen binding. These findings will extend our understanding of the antibody behaviour at interface in different physiological conditions. This part of the study is particularly relevant for developing PSA biosensors towards real biomedical applications.
EXPERIMENTAL SECTION

Materials
Silicon k111l wafers were purchased from Compact Technology Ltd., and were cut into 12 mm Â 12 mm pieces for ellipsometric measurements. The phosphate buffers were made from Na 2 HPO 4 and NaH 2 PO 4 (Sigma, UK) with total ionic strength fixed at 20 mM and pH variations from 4 to 8. The solutions with high ionic strength were obtained by the addition of NaCl (Sigma-Aldrich). Decon90 solution was from Decon Laboratories Limited, East Sussex, UK. The mouse monoclonal antibody antihPSA (Clone: 214) and native hPSA were purchased from AbD Serotec, Oxford, UK. The concentrations of the antibody and antigen were determined by ultraviolet at A 280 using the coefficients of 1.4 for the antibody and 1.84 for the antigen [24] . Bovine serum albumin (BSA), octyltrimethoxysilane (C8), (3-mercaptopropyl)trimethoxysilane (MTS), 4-maleimidobutyric acid N-hydroxysuccinimide ester (GMBS), toluene, ethanol, sulphuric acid and hydrogen peroxide were purchased from Sigma-Aldrich, UK.
Hydrophobic surface modification
Silicon wafers (12 mm Â 12 mm) or blocks (6 cm Â 5 cm Â 1.2 cm) were cleaned by Piranha treatment (H 2 SO 4 (97.5%): H 2 O 2 (35%) ¼ 10 : 1, 908C for 1 min) followed by 5% (v/v) Decon90 wash, rinsed with plenty of ultra-high-quality (UHQ) water and dried. The silicon dioxide layer thickness was found to be 12 + 2 Å as determined by ellipsometry. The hydrophobic C8 surfaces were produced by immersing overnight the silicon wafers or blocks into 100 mM octyltrimethoxysilane in chloroform. The wafers or blocks were then rinsed by ethanol and dried, followed by annealing at 1508C overnight in a vacuum oven [25] . The coated surfaces were then rinsed with ethanol and UHQ water and were stored dry for subsequent use.
Covalent attachment of antibodies
Clean wafers or blocks with oxide layer thickness of 12 + 2 Å were placed overnight in sealed glass containers containing 4% (v/v) of MTS in toluene. The samples were then rinsed with ethanol, dried and placed overnight in sealed glass containers containing 2 mM GMBS in ethanol. The MTS þ GMBS-coated samples were removed from the GMBS solution and then rinsed with ethanol and stored dry for subsequent use. All surface modification steps were performed at room temperature. Antibody solution (10 mg l -1 ) was incubated with the modified surface for 1 h followed by a buffer wash.
Spectroscopic ellipsometry
The principle of ellipsometric measurements has been described in our previous work [25, 26] . Silicon wafers (12 mm Â 12 mm) were used in the ellipsometric cell (containing 1 ml sample) fitted with a pair of fused quartz windows [27] specially designed for solid -liquid interface measurements. The incoming and exiting beams were at 708 to the surface normal, and the windows were aligned to be perpendicular to the two beams. Wafers were cleaned and the thickness of the oxide layers were determined as described already. Ellipsometric measurements of interfacial adsorption of the antibody, BSA blocking and antigen binding were carried out by using a Jobin-Yvon UVISEL spectroscopic ellipsometer, with wavelength ranging between 300 and 600 nm. Data were analysed using software DeltaPsi II developed by Jobin-Yvon Ltd. The surface-adsorbed amount G (mg m -2 ) of the sample is finally calculated from n f and t f (in ångström) through equation (2.1) [28, 29] :
where n f and t f are the measured layer refractive index and thickness, n 0 is the refractive index of the buffer, dn/dc stands for the change of refractive index against solution concentration and a value of 0.18 ml g -1 was used in this work.
Neutron reflection
NR measurements were carried out on the SURF reflectometer at ISIS Neutron Facility, Rutherford Appleton Laboratory (RAL), Oxford, UK using neutron wavelength ranging from 0.5 to 6.5 Å . A 3 ml sample was filled into a cell made by clamping a Perspex trough against the polished face of a silicon k111l block with dimensions of 6 cm Â 5 cm Â 1.2 cm. The sample cell was mounted on a goniometer stage controlled by computers. The neutron beam was defined by two sets of horizontal and vertical slits placed before the sample cell, providing a typical beam illuminating an area around 4 cm Â 3 cm on the centre of the polished surface. The neutron beam entering the small face of the silicon block was reflected from the solid -solution interface, exited from the opposite end of the small face and collected by the detector. Each reflectivity was carried out at three incidence angles of 0.358, 0.88 and 1.88, and the resulting reflectivity profiles were combined to cover a wavevector (Q) ranging between 0.012 and 0.5 Å 21 . Reflectivity profiles below the critical angle were theoretically equal to unity, and all the data measured were scaled accordingly. Constant background was subtracted using the average reflectivity between 0.3 and 0.5 Å
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. The background was found to be typically around 3 Â 10 26 in D 2 O. The software called DATAFIT using the kinematic approximation as outlined in the previous review papers has been used to analyse reflectivity profiles by means of partial structure factors [22, 23, 30, 31] . Fitting was initiated with a uniform layer followed by adding additional layers until a satisfactory fit was obtained.
RESULTS AND DISCUSSION
Solution pH affects both antibody adsorption and antigen binding
We started this work by examining how the interfacial adsorption of the antibody and antigen binding occurred with time and concentration at the silica-buffer interface [6] . It was found that the interfacial adsorption of the mouse monoclonal antibody (anti-hPSA) were both time-and concentration-dependent, which is common to the general adsorption behaviour of other proteins. The molecular orientation at the substrate surface is also in good agreement with our previous studies using other antibodies [1, 5] . Over the low concentration range, the time-dependent interfacial process was slow. However, adsorption became faster as antibody concentration increased. Over all the concentrations studied, adsorption reached a plateau within about 1 h. Hence, all the adsorbed amounts quoted refer to the values at 1 h adsorption. Solution pH could also affect antibody adsorption [1, 5] . Figure 1 shows the time-dependent adsorption of anti-PSA antibody at the silica -buffer interface at pH 4, 6 and 8, with antibody concentration and ionic strength fixed at 10 mg l -1 and 20 mM, respectively. It can be seen that adsorption reached an equilibrium state in about 40 min at pH 4, while at the two other pH values, it took almost 1 h. Figure 2 shows the changes in adsorbed amount against pH after 1 h adsorption. Clearly, pH affects both dynamic adsorption and the equilibrated adsorbed amount. The adsorption maximum occurred around pH 5.5 -6, close to the isoelectric point ( pI) of the anti-hPSA. Buijs et al. [32] have studied the adsorption of two monoclonal IgGs (IgG 1B, pI ¼ 5.8 and IgG 2A, pI ¼ 6.9) on silica surfaces at different pH values. They also found adsorption maxima around the isoelectric points of the antibodies. The adsorbed amount of IgG 1B at pH 4 is less than that at pH 6 but more than that at pH 8. These findings are highly consistent with our results.
The reversibility of adsorption serves as a useful indication of the extent of interaction of antibodies with substrate surfaces. The adsorption started at pH 4, and then the antibody solution was removed and replaced by the antibody solution at pH 6, followed by washing with a pH 6 buffer. The amount of the adsorbed antibody increased to the same level as that started initially by an antibody solution at pH 6. The solution was then replaced by a pH 4 buffer, followed by a pH 4 antibody solution. Desorption was observed, and the amount of the adsorbed antibody reduced to the previous level at pH 4 , showing that the adsorption was entirely reproducible under the experimental conditions. These results are highly consistent with our previous investigations of anti-human chorionic gonadotropin (anti-hCG) systems, in which the solution pH was changed from 4 to 8, then brought back to 4 again [5] . In these cases, the changes in the antibody amount at the interface arose from the variations of the charges on proteins and surfaces in response to pH alterations.
Interfacial structural conformations of the antihPSA antibody layers adsorbed at different solution pH have been investigated by NR, with the reflectivity data shown in figure 3 and fitted parameters listed in table 1. NR is sensitive to the thickness and composition of the protein layer and has been widely used for studying biomolecular assembly at the solidwater interface [1,4 -6,23,25,26,33-35] . Before each measurement, the thickness of the silicon oxide was determined and was all found to be around 12 + 2 Å . No roughness was required to fit the layer, indicating a high degree of surface smoothness. Data fitting was initiated with a uniform layer, followed by adding additional layers until a satisfied fit with clear physical meaning was obtained. The use of two or more layers was to incorporate the changing volume fraction along the surface normal. At pH 7.9, a single layer model was appropriate for producing good fit to the adsorbed antibody layer with the thickness of 55 + 2 Å and scattering length density (SLD, r) of 5.8 Â 10 26 Å
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. where MW is the molecular weight of the protein in g mol 21 and A is in Å 2 . The volume fraction of the antibody adsorbed in the layer was mostly under 20 per cent, with the rest of the layer filled with water. The area per molecule was about 17 000 Å 2 and was bigger than the footprint of the flaton antibody (approx. 12 000 Å 2 ). These structural details together suggest that the antibodies stayed predominantly flat-on at the interface and that the entire layer was loose. This is consistent with the strong repulsive interactions between antibody molecules and the weak interactions between antibodies and substrate surface at high pH.
At all other pH values studied, the structure of antibody layers must be described by a minimum of three layers owing to the structural inhomogeneity along the surface normal direction. At pH 3.9, the thickness for the inner layer on the oxide surface is 8 Å , that for the middle layer is 25 Å and that for the outer layer on the solution side is 20 Å , and their corresponding SLDs are 5.6 Â 10
26
, 5.2 Â 10 26 and 6.1 Â 10 26 Å
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. The antibody occupied 25 per cent in the inner layer, 40 per cent in the middle layer and only 8 per cent in the outer layer. Thus, water fills most of the space, and the outer layer is predominantly water. In comparison with the structural features at pH 8, the total layer thicknesses are close, but an increase in surface-adsorbed amount increases the packing in the middle of the layer, with a very diffuse region on the outer surface.
Upon pH increase from 3.9 to 4.8, the thicknesses of inner and middle layers did not change much, but the thickness of the outer layer was slightly increased to 25 Å . The middle layer became more crowded with the antibody volume fraction up to 56 per cent. A similar situation also occurred at pH 5.3. The volume fraction of the middle layer was reduced slightly to 52.5 per cent, but its thickness was increased to 30 Å , showing that this layer was dominant and contained the majority of the antibody. The total surfaceadsorbed amount reached a maximum of 2.9 mg m -2 , which is consistent with the proximity to the pI of the antibody of around 5.5 [4] . A further increase in pH to 6.1 reduced both thickness and volume fraction of the middle layer, which is consistent with the decline of surface adsorption beyond the pI. Still, over this pH region, the amount of antibody at the interface remained very high (2.6-2.9 mg m -2 ), and the equivalent area per molecule in a monolayer was reduced to just about 9000 Å 2 and was thus smaller than the minimum value of 12 000 Å 2 , suggesting that while the antibodies adopted a predominantly flat-on conformation, some of the antibody fragments must become overlapped.
When the pH was around 7, both the thickness and the volume fraction of the middle layer became reduced, indicating clear structural transition. The increase in the thickness of the third layer reflected this process with little antibody in it (8.5%). The total amount of antibody at this pH reduced to 1.8 mg m -2 . Further pH increase led to more reduction in interfacial adsorption as a result of repulsive interaction within the layer and against the interface, and the distribution of different fragments across the interface became rather homogeneous, leading to the good representation of a single uniform layer for antibody adsorption at pH 8. This pH-dependent transition in an interfacially adsorbed amount is similar to mouse monoclonal antib-hCG antibody [5] , IgG 1B [32, 36] and other proteins such as BSA [37, 38] at the silica -buffer interface. The NR work described earlier provided detailed changes of layer structure for the anti-hPSA antibody, and is highly relevant for explaining the binding efficiency of the antigen as shown later.
Apart from showing a good agreement in pHdependent adsorption from both SE and NR, figure 2 also shows pH-dependent binding of antigen in terms of the amount of antigen binding to the immobilized antibody and the binding ratio between antigen and antibody (as each antibody has two Fabs, the binding ratio ¼ mol of antigen/(mol of antibody Â 2)). Although antibody adsorption peaks around its pI of pH 5.5, the amount of antigen binding to the antibody does not follow the same trend. The amount of antigenbinding peaks around pH 6. This difference may result from the change of molecular orientation owing to the rise in pH. The reducing volume fraction of the antibody layer ( particularly in the middle layer) above pH 5.5 also increases the accessibility of the antigen to the binding sites. In addition, the outer layer at pH 6 has slightly more antibody compared with that at pH 5.3. This may also contribute to the enhanced antigen binding because the outer layer is more accessible. The best binding ratio was observed at pH 7, although Interfacial recognition of human prostate X. Zhao et al. 2461 the amount of antigen bound is not as high as that at pH 6.1. Further reduction in antibody adsorption must improve binding site accessibility, thereby further improving the binding ratio over this pH region. But the amount of antigen bound was limited by the amount of antibody at the interface. Therefore, there is a balance between the antigen-binding amount and the binding ratio. Hence, with an increase in pH, antibody adsorption goes from heavily packed to loosely packed, and the amount of antigen-binding benefits from conformational changes of the antibody and a reduced steric effect. As the amount of antibody further reduces, decreases in antigen binding resulted from the reduction of surface-immobilized antibody and its worsened conformation for binding.
Salt addition reduces antibody adsorption
The earlier-mentioned results clearly demonstrated the effect of antibody adsorption on antibody conformation and steric effect, both of which affect antigen binding. In addition to antibody concentration, adsorption time and solution pH, ionic strength is another factor affecting protein adsorption [1, 23, 33, 39, 40] . The presence of counterions causes screening effect and may reduce protein adsorption [39] . The time-dependent adsorption of the antibody (10 mg l -1 , pH 7) with the presence of different ionic strengths is shown in figure 4 , where it is clear that addition of salt does reduce antibody adsorption on the silica surface. At low ionic strength (5 mM), it takes more than 1 h to reach the adsorption plateau, while increasing ionic strengths shortens the time needed, as a result of the increased screening of electrostatic effect and associated structural rearrangement. These features are consistent with the interfacial adsorption of peptides [26] and globular proteins such as lysozyme [41] , lactoferrin [33] and serum albumins [39] .
NR has also been carried out to explore the interfacial layer structure of the antibody at different ionic strengths. Figure 5 shows the reflectivity profiles of the antibody after 1 h adsorption at the silica -buffer interface under different ionic strengths from 5 to 100 mM. It was found that at the ionic strength of 5 mM, a three-layer model is needed to fit the profile. The inner layer near the oxide surface has a thickness of 10 Å and contains 32 per cent of antibody, while the middle layer is much thicker (35 Å ) and contains more antibodies (39%). The outer layer near the water phase has a thickness of 25 Å but contains only 12 per cent antibody. Owing to the low ionic strength, there is a relatively high amount of antibody adsorbed at the interface (2.8 mg m -2 ). The small area per molecule (approx. 9000 Å 2 ) indicates strong segment overlapping between the molecules. At the ionic strength of 20 mM, the middle layer becomes thinner (25 Å ) but the outer layer becomes thicker (35 Å ). Less amount of antibody exists in each layer, indicating the increased screening of the antibody molecules by the counterions. Further increase of the ionic strength to 50 and 100 mM results in the further reduction of the adsorbed amount at the interface. At 50 mM, a uniform layer model is sufficient to describe the interfacial structure, with the layer thickness around 58 Å containing 19 per cent of the antibody. The thickness is slightly thicker than the short axial length of the antibody, again indicating that the molecules stay flat on the surface with some fragments projected into the solution side. At 100 mM of salt, the amount of adsorption further reduces and the layer thickness becomes 42 Å , almost the same as the short axial length of the antibody. At high ionic strengths, the area per molecule is much bigger than the footprint of the flat-on molecule, consistent with low antibody surface coverage. The ionic strength-dependent antibody adsorption from NR and SE is shown in figure 6 , where the results show a clear trend of reduction of interfacial adsorption with increasing ionic strength. The amount of antigen binding to the surface-immobilized antibody is fairly constant when the ionic strength is 20 -100 mM. This demonstrates that antigen binding was not significantly affected by the ionic strength in this range. Higher antigen binding was observed at very low ionic strength (5 mM). This may arise partly from less counterion screening (making the binding easier) and partly from a greater amount of antibody adsorbed ( providing more binding sites). In contrast, the binding ratio increased with ionic strength. This is mainly attributed to the steady decrease of antibody-adsorbed amount, consistent with the less packing constraint.
Adsorption and binding on hydrophobic surface
Although surface properties are known to affect protein adsorption, previous studies have been devoted to the investigation of model proteins (BSA, human serum albumin and lysozyme) on modified surfaces such as hydrophobic C8 or C18, [42] phospholipid monolayer [43] and pentadecyl-1-ol [44] . In this work, we have Interfacial recognition of human prostate X. Zhao et al. 2463 examined antibody adsorption on hydrophobic C8 modified surface using trimethoxy(octyl)silane (C8) to initiate chemical grafting on a clean silicon wafer or block with a native oxide layer of 12 + 2 Å . The contact angles of the coated surfaces were above 908 and the thicknesses of the C8 layers were 7 -8 Å , as determined by NR. Antibody was adsorbed at the C8-buffer interface through hydrophobic interactions. Similar to that at the SiO 2 -buffer interface, adsorption increased with antibody concentration and tended to plateau at concentrations above 50 mg l -1 . At a given concentration, the adsorbed amount of antibody on the C8 surface was higher than that on the SiO 2 surface. The difference arises from different adsorption driving forces at the two surfaces. Figure 7a shows the amount of antigen bound to the different amount of antibody immobilized on the hydrophobic C8 modified surface. The increase of the antibody amount on the C8 surface reduces the antigen-binding ratio markedly. The maximum amount of antigen binding to the surfaceimmobilized antibody occurs at an antibody amount of less than 3 mg m -2 at the C8 surface, while at the SiO 2 surface, the maximum antigen binding occurs at an antibody amount around 1.5 mg m . The optimal antigen-binding ratio on the SiO 2 surface is around 60 per cent compared with 30 per cent on the C8 surface. Lower antigen binding may arise from the hydrophobic interaction between the C8 surface and the antibody molecules, resulting in the conformational changes of the antibody molecules [14, 45] .
To compare with the molecular orientation of the antibody immobilized at SiO 2 surfaces, NR has also been carried out at the hydrophobic C8-buffer interface. Figure 7b shows antigen binding to the antibody immobilized on the C8 surface. The clean silicon block was coated with C8 as described earlier, and the layer was found to be about 7 Å with over 80 per cent coverage from NR, indicating that a good hydrophobic layer was coated. Adsorption of 10 mg l -1 of antibody at the C8-buffer interface for 1 h resulted in a uniform layer of antibody with a thickness of 56 Å and volume fraction of 15.3 per cent. The layer is slightly thicker than that on the SiO 2 surface (42 Å ) [6] . The molecules must have tilted on the surface owing to the repulsion between the hydrophobic surface and hydrophilic parts on the molecules. The amount of antibody adsorbed at the hydrophobic surface was 1.21 mg m -2 . A BSA blocking step was then carried out. The neutron measurement was performed again after buffer wash. However, no significant adsorption of BSA was observed even from 50 mg l -1 BSA solution. Finally, antigen solution (5 mg l -1 ) was applied for 1 h, and then washed by buffer rinsing. Antigen binding resulted in a slight left shift of the reflectivity curve. It was found that antigen binding did not change layer thickness but reduced its SLD, indicating the insertion of antigen into the antibody layer, although the amount of antigen bound was relatively small (0.2 mg m -2 ).
Antibody immobilization through chemical binding
Although physical adsorption is simple and practical, extensive studies have reported that chemical attachment of antibodies onto substrate surfaces can improve binding efficiency [9, 11, 15, 18, 46] . In this work, we have used chemical attachment of antihPSA onto SiO 2 surfaces via MTS and GMBS attachments to compare with the physical adsorption on hydrophilic silica and hydrophobic C8 surfaces. The interfacial chemistry and the subsequent protein adsorption are schematically outlined in figure 8 for , showing no obvious improvement. Thus, by optimizing the condition of antigen binding, the physical adsorption method has comparable antigen-binding efficiency to chemically grafted antibody molecules at the interface. The similarity in optimal surface antigen binding shows that the interaction with substrate surface is less significant. Instead, lateral antibodypacking density associated with antibody adsorption has far greater influence in absolute antigen-binding amount and in relative binding efficiency.
CONCLUSIONS
We have examined the effects of solution pH, ionic strength and surface chemistry on antibody immobilization and antigen binding using in situ measurements of SE for dynamic adsorption and of NR for interfacial structure. Shifting pH away from the isoelectric point resulted in a reduction in antibody adsorption onto silica surfaces. Antigen binding followed a similar trend. The highest antigen-binding amount occurred around pH 6. The addition of salt effectively reduced antibody immobilization at the SiO 2 -buffer interface, but the Table 4 . Structural parameters obtained from fitting of reflectivity profiles shown in figure 9, relating to Interfacial recognition of human prostate X. Zhao et al. 2465
amount of antigen binding was found to be fairly constant up to an ionic strength of 150 mM. Modifications of silicon surface by hydrophobic C8 and chemical attachment through GMBS have enabled us to further explore the effects of surface chemistry on antibody adsorption and antigen binding. It was found that on all surfaces, antibody adopted the predominant 'flat-on' orientation. Antigen-binding capabilities on these surfaces were found to be similar, consistent with comparable antibody adsorption. Thus, the dominant influence on antigen binding arose from lateral interactions between protein molecules within the adsorbed layers.
